

























rUnique Brain Areas Associated with Abstinence
Control Are Damaged inMultiply Detoxified Alcoholics
Theodora Duka, Leanne Trick, Kyriaki Nikolaou, Marcus A. Gray, Matthew J. Kempton, Hugh Williams,
Steven C.R. Williams, Hugo D. Critchley, and David N. Stephens
Background: The ability to abstain from drinking, despite incentives to imbibe, is essential to recovery from alcoholism.
Methods: Weused an incentive conflict task to investigate ability to abstain from responding during presentations of incentive cues. Both
alcoholic (n 23) and healthy subjects (n 22) were required to withhold responding during the simultaneous presentation of two visual
stimuli in which the individual presentation allowed responding formonetary reward. Brain structures activated during performance of the
task were studied using functional magnetic resonance imaging in healthy volunteers (n  8), and changes in gray matter volume were
tudied in a separate group of patients (n  29) compared with control subjects (n  31) in regions of interest identified on functional
agnetic resonance imaging.
esults: Abstinent alcoholic patients were severely impaired on the incentive conflict task. The impairment was greater in patients with
xperience of several versus a single detoxification. Healthy volunteers, during the same incentive conflict task, showed distinct patterns of
rain activation (including gyrus rectus, ventromedial prefrontal cortex, and superior frontal gyrus). Reduction of gray matter volume in
entromedial prefrontal cortex and superior frontal gyrus of patients was more extensive in those with multiple detoxifications.
onclusions: Performance deficits in alcoholics are associated with withdrawal-induced impairments in prefrontal subfields, which are
xacerbated following repeatedepisodesofdetoxification.Detoxification thus compromises functional and structural integrityofprefrontal
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R ecent theories of drug and alcohol abuse (1) emphasize theimportance of “bottom-up” incentive processes in initiatingdrinkingandof “top-down” cortical control of behavior in the
egulation of drug taking. Drug seeking and taking are often initi-
ted by environmental events (cues) that the addict has learned to
ssociate with drug use (2). Such cues activate incentive mecha-
isms mediated by brain circuitries, including ventral striatum and
rbitofrontal and medial prefrontal cortex (3). Whether incentive
xposure results in drug-taking depends on the ability of higher-
evel monitoring functions to interrupt the incentive process. It is
ncreasingly recognized that the brain areas responsible for such
igher-level functions are sensitive to disruptionby long-termdrug
se. Alcohol abuse, in particular,may impair processes that contrib-
te to impulse control (4), so that, faced with alcohol-related cues,
lcoholics are motivated to drink, but the means of controlling
rinking are impaired. In the alcoholic patient attempting absti-
ence, this conflict between the desire to take the drug and the
equirement to abstain is particularly intense.
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doi:10.1016/j.biopsych.2011.04.006Aspects of the interaction between incentive learning and be-
avioral control are encapsulated in a novel task, the incentive
onflict task, a version of the negative patterning task used in cog-
itive psychology (5,6). In this task, the subject first learns that two
ndependent discrete cues (A and B) signal reward availability,
o that they acquire incentive properties. However, in a second
hase,while the individual cues continue to signal reward availabil-
ty, when presented together (AB–) they signal unavailability of
eward, or the potential for punishment. Thus, when the cues are
resented in combination, there is a mixed message: on one hand,
he individual cues prompt reward seeking, but at the same time,
he combination signals that reward is unavailable, requiring a
eevaluation of the reward contingencies and abstinence from re-
ard seeking.
Such control is thought to bemediated by interactions between
refrontal cortical areas and striatal output systems. Alcohol has
irect, long-termeffects on prefrontal cortex structure (7) and func-
ion (8), and such effects are exacerbated in patients who have
ndergone multiple detoxifications (MDTx) compared with those
ith single detoxifications (SDTx) (9). We therefore predicted that
lcoholic patientswould showadeficit inperformanceof the incen-
ive conflict task and that the deficit would be exacerbated inMDTx
atients. The task might then provide a potential marker for loss of
ontrol of drug seeking in addicted patients.
To identify brain areas involved in performance of the incentive
onflict task, we used functional magnetic resonance imaging
fMRI) neuroimaging of healthy volunteers in the same task
dapted to allow us to discriminate between brain activation re-
ated to performance of the incentive conflict task and activation
eflecting the switch from simple to more complex images during
he introduction of the negative compound stimulus.Wepredicted
hat whereas the simple reward-predictive stimuli would engage
rain areas associated with signaling reward, introduction of
he incentive conflict compound stimulus would additionally en-
age prefrontal areas necessary for censoring the reward-appropri-
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wate response. Because the patients were severely impaired in this
task, we were unable to correlate patterns of brain activation with
level of performance in this population.
Finally, to testwhether thoseareas identified in the fMRI studyas
activated during incentive conflict performance were changed in
alcoholic patients, we used structural imaging to estimate gray
matter volumes in these regions.
Methods andMaterials
Participants
Incentive conflict performance was tested in 45 participants, 23
diagnosed for alcohol dependence and 22 healthy social alcohol
drinkersmatched for age, gender, and verbal IQ. StructuralMRI was
performed on 60 participants, 29 alcohol-dependent, and 31 social
drinkers. Patients were diagnosed for alcohol dependence by inde-
pendent clinicians according toDSM-IV (10) or ICD-10 (11) andwere
seeking treatment as inpatients or outpatients. All patients had
been abstinent for a minimum of 2 weeks at the time of the study
andwerewithout any psychotropicmedication used during detox-
ification for at least 72 hours before testing.
In a further study, 14 healthy participants were trained in the
incentive conflict task to be included in fMRI. Lack of drug and
alcohol abusewas assessed (12,13), and theNational Adult Reading
Test (14) was evaluated.
All studies were approved by the local ethics committee, and
participants gave written informed consent.
Recruitment procedures, sample characteristics, and scanning
protocols are provided in Methods and Tables S2 and S3 in
Supplement 1.
Incentive Conflict in Patients
Initial trainingwas followedby a test phase (Figure S1 in Supple-
ment 1). Participants were required to press a computer space bar
to obtain monetary reward (10 pence) following presentation of
either of two single-element visual stimuli, A and B, each pre-
sented24 timesona computer screen in randomsequence. Follow-
ing each stimulus presentation, subjects rated the likelihood of
gaining a reward (1  unlikely, 9  likely; see Supplement 1). The
our final presentations of A and B were used to determine “aware-
ess” of the cue–reward relationship. Participants were labeled
aware” if themeanof their expectancy ratings for bothA and B
as greater than 5. There were no differences between patients
nd control subjects in expectancy ratings or in the probability of
esponse during training. All subsequent analyses were performed
n data from aware participants (those who had learned the first
tage). In the next phase, the compound stimulus (AB–) was intro-
uced, intermixed with presentations of the rewarded single ele-
ent stimuli (A and B). Pressing the space bar following AB–
esulted in loss of 10 pence.
unctional MRI of the Incentive Conflict Task in Healthy
olunteers
During training, in addition to the rewarded A and B stimuli,
e included two additional stimuli, C– and D–, which resulted in
oss of money, enabling us to include in the testing stage a control
ompound stimulus, CD– with no change of valence from C– or D–
lone, and the same outcome as compoundAB–. Because the stim-
li used for A, B, C, and Dwere counterbalanced across subjects, by
omparing the CD– response with the AB– response, we could
solate brain responses specific to the change in valence from re-
ard predictors A or B to punished AB–. From 14 healthy par-
icipants trained in the incentive conflict task, 10 were selected on
he basis of successful acquisition to be included in the fMRI; scan- c
ww.sobp.org/journaling data from two participants were lost because of technical
ailures.
Following a training session outside the scanner to establish
wareness of stimuli–reward contingencies, a single element pre-
entation phase in the scanner (Part 1, Table S1 in Supplement 1)
as used to confirm, in the scanner context, the outcomes associ-
ted with the single-element visual stimuli (A, B, C–, D–) (48
rials). During the incentive conflict test phase (Part 2; 100 trials),
wo compound stimuli (AB–, CD–) were introduced, intermixed
andomly with presentations of the single-element stimuli. The
ncentive conflict test phase was followed by a reversal phase (Part
) consisting of 24 trials, during which the A stimulus become A–
presented intermixed with B, C–, and D–), to control for simple
eversal of reward contingencies.
For fMRI analysis, independent statistical models were com-
uted for each part of the task, convolving event onsets with the
anonical hemodynamic response function (15).Movement regres-
ors were included as regressors of no interest. Regionally specific
ondition effects were tested by linear contrasts for each subject at
ifferent conditions. The resulting contrast images were submitted
o second-level random-effectsmodels, which included all subjects
s session variables (16,17).
Effects were tested for significance using T contrasts. To protect
gainst false-positive activations, we report effects meeting a
hreshold T score of 4.0 and a cluster volume exceeding 72 mm3
k  9 voxels) corresponding to activations equivalent to p  .05,
orrected. This nonarbitrary voxel cluster size was determined by
onte Carlo simulation (1000 iterations, full width half maximum 3
m; http://www2.bc.edu/_slotnics/scripts.htm) (18–20) to estab-
ish an appropriate voxel contiguity threshold (21), using the same
arameters as in our study.
Part 1 contrasted rewarded stimuli (A, B) versus nonre-
arded stimuli (C–, D–) during single element presentations. Part 2
ested incentive conflict by contrasting the nonrewarded com-
ound stimulus (AB–), made up of rewarded single elements A
ndB, withCD–,madeupofnever-rewardedelementsC–andD–.
o identify activity unique to incentive conflict, we tested whether
ncentive conflict activated the same regions as the other condi-
ions, namely 1) “reward versus nonreward” taken from training
rials; 2) “single versus compound” contrast and 3) “sign difference”
ontrast taken from the incentive conflict phase, and 4) “reversal”
taken from Part 3. Anatomic masks were created from contrasts of
hese conditions at an uncorrected threshold of p .001.
tructural MRI in Patients
Five regions of interest (ROIs; putamen, ventromedial prefrontal
ortex, gyrus rectus, superior frontal gyrus, supplementary motor
rea) associated with incentive conflict performance in the fMRI
xperiment were created with the Wake Forest University (WFU)
ick Atlas toolbox (22). Nonsmoothed gray matter volumes were
xtracted from these ROIs for each subject usingMarsBaR software
23). Total intracranial volume (TIV) was calculated by summing
otal gray matter, white matter and CSF volumes. There was no
ifference between groups in TIV (F (2,59) 1.016, p .368).
ROI data were analyzed for the effect of group (control, SDTx,
DTx) in an analysis of covariance model with TIV as covariate.
tatistical Analysis of Behavioral Data
Data from A and B were combined for the analysis, as were
– and D–. Data from the patient study were analyzed using a
wo-way (2 2)mixed analysis of variance (ANOVAs) with stimulus
A or B, AB–) as within-subjects factor, and group (patients,



















T. Duka et al. BIOL PSYCHIATRY 2011;70:545–552 547ificationeffect, a (23)mixedANOVAwithgroup (SDTx,MDTx, and
ontrol subjects) asbetween-subject factorwasused.Data fromthe
ncentive conflict task in the imaging study were analyzed with a
wo-way (2  2) ANOVA with stimulus (single, compound) and
hange in rewardoutcome (yes, no) aswithin-subject factor. For the
eversal part, a repeated-measures ANOVA was performed with
timuli (A–, B) as within-subject factor.
All analyses were performed using SPSS 16.0 (SPSS, Chicago,
llinois).
Figure 1. Performance in the incentive conflict task: patients and healthy vo
ubjects during different elements of the task: (A) expectancy ratings of the
atings for the single element stimuli A andB and the compound stimulu
D– stimuli were additionally presented, all associated with money loss: (D
eversal. *p .05; **p .01, different from comparison group. Data are preesults
erformance of Alcoholic Patients in the Incentive Conflict
ask
Alcohol-dependent participants did not statistically differ from
ild-to-moderate social drinkers with no history of alcohol depen-
ence, in age, gender, and premorbid IQ, nor in past or current use
f cannabis or other illicit drugs. Table S2 in Supplement 1 summa-
izes the general population characteristics of both groups.
rs. (A–C) Performance of alcohol-dependent patients andmatched control
nse resulting in a 10-pence reward. (B) Probability of response. (C) Anxiety
. (D–F)Performanceof healthy volunteers during imagingwhenC–,D–, and
ard vs. nonreward) probability of response; (E) incentive conflict; and (F)
d in mean SEM.
Figure 2. Incentive conflict task in patients, structural
magnetic resonance imaging, and number of detoxifica-
tions. Expectancy ratings (A) and probability of response
(B) for the AB– compound stimulus in patients divided
into those who had undergone a single or no detoxifica-
tion (1SDTx) and thosewithmultipledetoxifications (
2, MDTx), compared with the control subjects. In Panels C
andD, graymatter volumewas calculated from structural
magnetic resonance images forpatients (SDTxandMDTx)
and control subjects for the ventromedial prefrontal cor-
tex (C) and the superior frontal gyrus (D) as regions of
interest. Gray matter was especially reduced in MDTx pa-
tients in these subregions, as was the performance in the
incentive conflict task. Note that imaging and behavioral
data are from different individuals. The same structures
wereuniquely activatedduringperformance in the incen-
tive conflict task by healthy volunteers who were able to
perform the task. *p .05; **p .01, different from com-


























































T. Duka et al. BIOL PSYCHIATRY 2011;70:545–552 549Incentive Conflict Task. During training, there was no differ-
nce in thenumberof patients (12outof 23) comparedwith control
ubjects (15 of 22) who became aware of the predictive nature of
timuli A and B (2 1.20, p .273), allowing us to proceed to
the incentive conflict stage with only those subjects who had dem-
onstrated awareness. Following the introduction of the AB– com-
pound, which led tomoney loss, alcoholic patients incorrectly gave
higher reward expectancies than control subjects following AB–
[stimulusgroup interaction: F (1,25) 21.69, p .001; Figure 1A],
lthoughbothgroups continued togive reward expectancy ratings
or A or B (associated with money gain) higher than ratings for
AB–, thus indicatingperseverationof contingency awareness [main
stimulus effect: F (1,25)  117.90, p  .001]. As with expectancy
ratings, probability of response was higher overall for A and B
compared to AB– [main effect of stimulus: F (1,25)  130.98, p 
001], but patients were markedly more likely than control subjects
omake an instrumental response followingAB– [stimulusgroup
nteraction F (1,25)  9.74, p  .005; Figure 1B]. Whereas control
subjects reportedhigher anxiety ratings for AB– comparedwithA
or Bpresentations, indicating its negative emotional valence (Fig-
ure 1C), patients gave similar ratings for both stimuli [stimulus 
group interaction: F (1,25) 4.39, p .047].
Single and Multiple Detoxifications. Following previous
practice (9,24), the patient population was divided into two groups
consisting of those patientswith one or no detoxifications previous
to the current one (SDTx, n  15) and those patients with two or
more detoxifications (MDTx, n  8). During recruiting, SDTx and
MDTxpatientswerematched for age, gender, verbal IQ, andalcohol
consumption before detoxification. In the presence of A or B,
expectancy ratings and probability of response were equal for all
the groups, and above 8.02 and 97.9%, respectively. However, for
AB– presentations, the MDTx group had the highest expectancy
ratings of reward and probability of response (i.e., they incorrectly
anticipated and responded for reward; Figure 2A and 2B), followed
by theSDTxgroup, followedby the control group [linear stimulus
group interaction, within subjects contrasts: F (2,24)  10.70, p 
.001 and F (2,24)  6.30, p  .007, respectively], indicating that
severity of impairment of performance in the incentive conflict task
was exacerbated with increased exposure to detoxification.
Neuroimaging of Incentive Conflict
Incentive Conflict Task. For neuroimaging, using healthy vol-
unteers (see Table S3 in Supplement 1 for population characteris-
tics), we adapted the task to include additional stimuli, C– and D–,
which never predicted reward. This modification did not affect task
acquisition, and during initial training in the scanner, the probabil-
ity of a response was higher following A or B (associated with
money gain) than C– or D– (associated with money loss; repeated-
measures ANOVA showed a significant main effect of stimulus
[F (1,7) 224.05, p .001; Figure 1D].
Following introduction of AB– and CD– cues (both associated
withmoney loss), participants weremore likely tomake a response
followingA or B comparedwith any of the other stimuli (C–, D–,
AB–, or CD–; Figure 1E), indicating that they had learned to avoid
responding to AB–, as well as to the other negative stimuli. This
4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Figure3.Brain activation to incentive conflict inhealthy volunteers. Activity
activation within (A) the putamen, (B) ventromedial prefrontal cortex, (C) g
represents T statistic. (F) Illustration of areas identified in functional mag
activated during different elements of the task (red circled) and with more
detoxifications (blue circles); 1, medial orbitofrontal cortex; 2, ventromedia
superior frontal gyrus was also activated during incentive conflict and revealed
presented in mean SEM. MNI, Montreal Neurological Institute.nterpretationwas supportedby significantmaineffects of stimulus
ype [F (1,7)  701.50, p  .001] and change [F (1,7)  149.58, p 
001], and a significant stimulus type change interaction [F (1,7)
20.23, p .001].
During the reversal phase (A changed from predictingmoney
ain toA–predictingmoney loss,withB remainingunchanged), a
ignificantmain stimulus effect onprobability of response [F (1,7)
.00, p  .020] reflected that response probability was now lower
or A-than for B (Figure 1F).
fMRI Data: Neural Activity Associated with Incentive
onflict. As anticipated from previous reports (25–27), the con-
rast between the individually rewarded (A or B) and punished
C– or D–) conditions, presented before introduction of the com-
ound stimuli, was associated with significantly greater activation
ithin medial orbitofrontal (Figure S2A in Supplement 1) and insu-
ar cortices (Figure S2B in Supplement 1). Significant activations to
eward versus nonreward predictors were also found in posterior
nd bilateral middle cingulate gyrus, hippocampus, cerebellum,
eft superior frontal gyrus, and left precentral gyrus (Table S4 in
upplement 1). No significant deactivations associated with the
ewarded, relative to the nonrewarded, stimuli were observed.
Brain responses to incentive conflict were revealed through
omparison of AB– and CD– (both indicating monetary loss). Our
xperimental design allowed us to reveal regional activity associ-
ted uniquely with the cognitive and motivational processes in-
olved in the task (conflict resolution and regulation of behavioral
esponse) by excluding activity evoked by comparator conditions
presence of reward, presence of compound stimuli irrespective of
eward contingencies, or simple reversal) using masking analysis.
he highest activity attributable to incentive conflict was observed
ithin the striatum (putamen, Figure 3A). Prefrontal regions were
lso engaged, notably the ventromedial prefrontal cortex (Figure
B), gyrus rectuswithinmedial orbitofrontal cortex (Figure 3C), and
he superior frontal gyrus (Figure 3D). Consistent with preparation
o initiate a response (although the responsewas withheld) to AB–,
he supplementarymotor areawas activated (Figure3E). Table S5 in
upplement 1 lists regions with activations associated with pro-
essing of the AB– compound.
able 1. Structural Magnetic Resonance Imaging in Alcoholic Patients








utamen 5.28  .15 5.34  .21 4.91  .25
entromedial Prefrontal
Cortex
6.54  .11 6.39  .16 5.97  .18*
yrus Rectus 5.02  .08 4.96  .11 4.68  .13
uperior Frontal Gyrus 34.66 .66 32.76  .96 30.98  1.07*
upplementary Motor Area 12.68 .24 11.87  .33* 11.39  .39*
Volume of gray matter (mL; mean SEM) in each region of interest by
roup.
MDTx, patients with multiple detoxifications; SDTx, patients with single
r no detoxification.
*p .05 compared with controls, post hoc independent t tests.
™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
cementuniquely associatedwith incentive conflict (contrast [AB–vs. CD–]):
rectus, (D) superior frontal gyrus, and (E) supplementary motor area. Scale
resonance imaging in orbital and ventral aspects of prefrontal cortex as
re reductions in gray matter in alcoholic patients associated with multiple
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wOur analyses thus identified regions activated by incentive con-
flict that were different from those activated in comparator condi-
tions, indicating a distinct motivational meaning of the compound
stimulus relative to its individual elements. These regionswere also
distinct from the simple reversal condition, which resulted in signif-
icantly greater blood oxygen level–dependent response in the lat-
eral orbitofrontal cortex/lateral frontal pole and medial/superior
frontal cortex (Figure S2C and Table S6 in Supplement 1).
Importantly, the three aspects of the task activated different
parts of rostral frontal cortex; medial orbitofrontal cortex was acti-
vated during the stimulus-reward learning phase, ventromedial
prefrontal cortex, gyrus rectus and superior frontal gyrus during the
incentive conflict phase, and lateral orbitofrontal cortexduring sim-
ple reversal (Figure 3F).
Structural MRI in Alcoholic Patients
Given the impairment seen in alcoholic patients in the task,
whichwere further exacerbated bymultiple withdrawals, we asked
whether those brain regions identified during imaging the incen-
tive conflict task might be differentially compromised in MDTx pa-
tients. Within a more extensive study including 29 alcoholic pa-
tients and 31 control subjects (see Table S2 in Supplement 1 for
population characteristics), an ROI analysis revealed relative reduc-
tions in gray matter volume in alcoholic patients versus control
subjects, exacerbated in the MDTx patients, specifically affecting
the ventromedial prefrontal cortex [F (2,56) 3.441, p .039; Fig-
re 2C] and superior frontal gyrus [F (2,56) 4.651, p .014; Figure
2D], areas associated with incentive conflict during functional im-
aging. The effect sizes for the relationships between gray matter
volume andnumber of detoxificationswere r –.302 and r –.192
for ventromedial prefrontal cortex and superior frontal gyrus, re-
spectively (Figure S3A and S3B in Supplement 1). These represent
small-to-medium effects with gray matter volume and number of
detoxifications sharing about 9% of variance in the ventromedial
prefrontal cortex and 3.7% in the superior frontal gyrus. Simple
between-group contrasts revealed a significantly lower volume in
the ventromedial prefrontal cortex for MDTx compared with con-
trol subjects (p  .011; Cohen’s d  .624). Similarly, significantly
ower volume was found in superior frontal gyrus for MDTx com-
ared to controls (p .005;d .829). This effect size representswell
ver half a standard deviation difference between control subjects
nd the other two groups. Another area activated during incentive
onflict, the supplementary motor area, showed reduction in gray
atter volume in alcoholics [F (2,56)  4.719, p  .013], but there
was no additional effect of MDTx. No differences were observed in
the volumes of putamen [F (2,56) 1.030, p .364] or orbital gyrus
rectus [F (2,56) 1.440, p .245; Table 1]. Thus, the detoxification-
related deficits in performance of the incentive conflict task in alco-
holic patients are attributable to selective detoxification-related
damage to a subset of prefrontal areas.
Discussion
We have demonstrated that alcoholic patients are severely im-
paired in performing a task that requires them to abstain from
responding during presentation of a compound stimulus made up
of twocues that individually signal reward availability. The extent of
the deficit is remarkable, so that, following further characterization,
the task may be useful as a marker of alcoholic dysfunction. How-
ever, it remains to be investigated whether individuals with other
addictions, and even other impulse or compulsive disorders, may
show similar deficits in the task. Furthermore, in accordance with
our previous observations (28) that MDTx (withdrawal kindling)
increases the severity of the emotional and cognitive impairments t
ww.sobp.org/journaleen in alcoholics, in this study patients who had experienced two
rmoredetoxifications showedgreater impairment in the task than
hose with a single experience of detoxification. That both struc-
ural and behavioral deficits depended on the number of detoxifi-
ations suggests that the deficits are not premorbid but result from
he brain damage associated with withdrawal kindling (28–32),
erhaps because of increased glutamatergic activity, leading to
euronal toxicity. Nevertheless, from this study we cannot exclude
hat deficits in performing the incentive conflict task reflect a pre-
xisting condition that also contributed to the development of
lcoholism, or tendency to undertake detoxification. For instance,
here is some evidence that the number of attempts at detoxifica-
ion is associated with genetic polymorphisms in the DRD2 gene
33), although in this case it is unclear whether the association
imply reflects the higher alcohol consumption associatedwith the
ame polymorphisms. However, previous rodent data, in which
imilar deficits in an incentive conflict task were induced by re-
eated episodes of ethanol withdrawal (34), are most consistent
ith the deficit resulting from alcohol consumption and with-
rawal. Although MDTx patients are generally likely to have been
ependent for longer than SDTx patients, in the patients tested
ere, there were no differences between the MDTx and SDTx
roups in dependency scores, age of starting drinking, or in units of
lcohol consumed per week before detoxification (Table S2 in Sup-
lement 1).
Imaging to identify the neuronal substrates involved in the in-
entive conflict task was performed in healthy control subjects
ecause patients were so seriously impaired in performing the task
hat we anticipated insufficient data would be obtained from func-
ional imaging in this population. During performance of the incen-
ive conflict task, healthy volunteers showed activation of specific
refrontal areas (including ventromedial prefrontal cortex, orbito-
rontal gyrus rectus, and superior frontal gyrus). Related regions,
he supplementary motor area and striatum (including putamen),
ere also engaged. Together, the brain regions activated by
B–presentations are already implicated in the cognitive and emo-
ional processing of reward (dorsal striatum, subregions of orbito-
rontal and ventromedial cortex, supplementary motor area) (35–
7), as well as with regulatory control over a behavioral response
superior frontal gyrus) (38,39). Activation of gyrus rectus (part of
hemedial orbitofrontal cortex) is of particular interest because the
egion is implicated in emotional regulation (25,26). Moreover, its
ctivation in the incentive conflict taskparallels its activationby loss
f reward through inappropriate performance, which has been
nterpreted as representing “regret” (40,41).
Importantly, the neural signature of incentive conflict was dis-
inct frompatterns of regional activation evoked by simple reversal
f reward contingency in which previously reinforced A was no
onger rewarded (A–), indicating that the AB– signal was not simply
ue to the change in valence of the constituent stimuli. Further-
ore, it differed from presentation of the simple reward-predictive
timuli (Aor B), which resulted in apattern of activationwithin a
ifferent subregionof orbitofrontal cortex (medial orbitofrontal), as
ell as insular cortex, consistent with previous research examining
timulus-reward response-related learning (27,35,42,43).
The different patterns of activation within orbitofrontal cortex
uring performance of various components of our task highlight
he heterogeneity of function within this region (44). The involve-
ent of the ventromedial prefrontal cortex, an area involved in
otivational decisionmaking (45,46), and of superior gyrus, impor-
ant in behavioral control (38,39), is of particular interest because
nlyMDTx patients showed reliably reduced graymatter volume in
























T. Duka et al. BIOL PSYCHIATRY 2011;70:545–552 551associatedwith activation of several related brain areas, the behav-
ioral deficit in alcoholic patients may reflect damage to only a
subset of these regions—in particular, the ventromedial prefrontal
cortex and superior frontal gyrus. Activation of ventromedial pre-
frontal cortex is shared with the gambling task (37), which resem-
bles incentive conflict in requiring decision making. However, in-
centive conflict additionally involves conflict generated by the
contradictory information carried by the AB stimulus, which might
be assumed to predict increase of reward (both positive stimuli
together) but actually informs of absence of reward.
This study has some limitations. There was no imaging of alco-
holics during performance in the incentive conflict task, so we
cannot be certainwhether their impaired performancewas accom-
panied by failure to activate appropriate brain regions or whether
performance was impaired despite their activation. Another limita-
tion is the lack of behavioral data in patients with the single stimuli
predicting no reward (C– and D–). Such an inclusion would have
clarified whether patients have a general deficit in learning under
conditions of confusion between single and compound stimulus
presentation.
Together, our findings indicate that structural and functional
changes in prefrontal cortex occurring as a direct consequence of
drug (47) and/or its withdrawal (30) may impair incentive conflict
resolution and thus contribute to behavioral inflexibility andpersis-
tence of drug taking despite negative consequences.
The behavioral responses within alcoholic patients reported
here reveal specific deficits reflecting conflict resolution associated
with an inability to learn to avoid negative outcomes that are im-
portant not only in control of drinking but also in daily living. Our
findings point to the involvement of specific brain areas in perform-
ing these functions in healthy subjects and provide evidence of
damage to areas of the brain in alcoholic patients associated with
these deficits. We propose that the incentive conflict task may
provide a potential marker for loss of ability to abstain from drug-
seeking in addicted patients, a type of compulsive behavior.
The research reportedherewas supportedby the awardof aUnited
KingdomMedical Research Council ProgramGrant (No. G0400568) to
DNS, TD, and SCRW. We thank our colleague Andy Field for advice on
statistical approaches.
The authors reported no biomedical financial interests or potential
conflicts of interest.
Supplementarymaterial cited in this article is available online.
1. Kalivas PW, Volkow ND (2005): The neural basis of addiction: A pathol-
ogy of motivation and choice. Am J Psychiatry 162:1403–1413.
2. Stewart J, de Wit H, Eikelboom R (1984): Role of unconditioned and
conditioned drug effects in the self-administration of opiates and stim-
ulants. Psychol Rev 91:251–268.
3. McClure SM, York MK, Montague PR (2004): The neural substrates of
reward processing in humans: The modern role of FMRI. Neuroscientist
10:260–268.
4. Moselhy HF, Georgiou G, Kahn A (2001): Frontal lobe changes in alco-
holism: A review of the literature. Alcohol Alcohol 36:357–368.
5. Woodbury CB (1943): The learning of stimulus patterns by dogs. J Comp
Physiol Psychol 35:29–40.
6. Rescorla RA (1972): “Configural” conditioning in discrete-trial bar press-
ing. J Comp Physiol Psychol 79:307–317.
7. Makris N, Oscar-Berman M, Jaffin SK, Hodge SM, Kennedy DN, Caviness
VS, et al. (2008): Decreased volume of the brain reward system in alco-
holism. Biol Psychiatry 64:192–202.8. Oscar-Berman M, Marinkovic K (2007): Alcohol: Effects on neurobehav-
ioral functions and the brain. Neuropsychol Review 17:239–257.9. Duka T, Townshend JM, Collier K, Stephens DN (2003): Impairment in
cognitive functions after multiple detoxifications in alcoholic inpa-
tients. Alcohol Clin Exp Res 27:1563–1572.
0. APA (1994):Diagnostic and Statistical Manual ofMental Disorders. Wash-
ington, DC: American Psychiatric Association.
1. WHO (1993): International Classification of Diseases (ICD-10), 10th ed.
Geneva: World Health Organization.
2. Townshend JM, Duka T (2002): Patterns of alcohol drinking in a popula-
tion of young social drinkers: A comparison of questionnaire and diary
measures. Alcohol Alcohol 37:187–192.
3. Mehrabian A, Russell JA (1978): A questionnaire measure of habitual
alcohol use. Psychol Rep 43:803–806.
4. Nelson HE, O’Connell A (1978): Dementia: The estimation of premorbid
intelligence levels using the New Adult Reading Test. Cortex 14:234–
244.
5. Friston KJ, Fletcher P, Josephs O, Holmes A, Rugg MD, Turner R, et al.
(1998): Event-related fMRI: Characterizing differential responses.Neuro-
image 7:30–40.
6. Henson RN, Hornberger M, Rugg MD (2005): Further dissociating the
processes involved in recognition memory: An FMRI study. J Cogn Neu-
rosci 17:1058–1073.
7. Penny WD, Holmes AP, Friston KJ (2003): Random effects analysis. In:
Frackowiak RSJ, Friston KJ, Frith C, Dolan R, Friston KJ, Price CJ, et al.,
editors. Human Brain Function, 2nd ed. San Diego, CA: Academic Press.
8. Green A, Straube B, Weis S, Jansen A, Willmes K, Konrad K, et al. (2009):
Neural integration of iconic and unrelated coverbal gestures: A func-
tional MRI study. Hum Brain Mapp 30:3309–3324.
9. Katanoda K, Matsuda Y, Sugishita M (2002): A spatio-temporal regres-
sionmodel for the analysis of functionalMRI data.Neuroimage17:1415–
1428.
0. Ross RS, Slotnick SD (2008): The hippocampus is preferentially associ-
ated with memory for spatial context. J Cogn Neurosci 20:432–446.
1. Slotnick SD, Schacter DL (2004): A sensory signature that distinguishes
true from false memories. Nat Neurosci 7:664–672.
2. Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH (2003): An automated
method for neuroanatomic and cytoarchitectonic atlas-based interro-
gation of fMRI data sets. Neuroimage 19:1233–1239.
3. Brett M, Johnsrude IS, Owen AM (2002): The problem of functional
localization in the human brain. Nat Rev Neurosci 3:243–249.
4. Krystal JH, Webb E, Grillon C, Cooney N, Casal L, Morgan CA, 3rd, et al.
(1997): Evidence of acoustic startle hyperreflexia in recently detoxified
early onset male alcoholics: Modulation by yohimbine and m-chloro-
phenylpiperazine (mCPP). Psychopharmacol Berl 131:207–215.
5. O’Doherty J, Dayan P, Schultz J, Deichmann R, Friston K, Dolan RJ, et al.
(2004): Dissociable roles of ventral and dorsal striatum in instrumental
conditioning. Science 304:452–454.
6. O’Doherty JP (2004): Reward representations and reward-related learn-
ing in the human brain: Insights from neuroimaging. Curr Opin Neuro-
biol 14:769–776.
7. ErnstM, PaulusMP (2005): Neurobiology of decisionmaking: A selective
review from a neurocognitive and clinical perspective. Biol Psychiatry
58:597–604.
8. Stephens DN, Duka T (2008): Review. Cognitive and emotional conse-
quences of binge drinking: Role of amygdala and prefrontal cortex.
Philos Trans R Soc Lond B Biol Sci 363:3169–3179.
9. Stephens DN, Ripley TL, Borlikova G, Schubert M, Albrecht D, Hogarth L,
et al. (2005): Repeatedethanol exposure andwithdrawal impairs human
fear conditioning and depresses long-term potentiation in rat
amygdala and hippocampus. Biol Psychiatry 58:392–400.
0. Duka T, Gentry J, Malcolm R, Ripley TL, Borlikova G, Stephens DN, et al.
(2004): Consequences of multiple withdrawals from alcohol. Alcohol
Clin Exp Res 28:233–246.
1. Becker HC, Hale RL (1993): Repeated episodes of ethanol withdrawal
potentiate the severity of subsequent withdrawal seizures: An animal
model of alcohol withdrawal “kindling.” Alcohol Clin Exp Res 17:94–98.
2. Crews FT, Braun CJ, Hoplight B, Switzer RC 3rd, Knapp DJ (2000): Binge
ethanol consumption causes differential brain damage in young ado-
lescent rats compared with adult rats. Alcohol Clin Exp Res 24:1712–
1723.
3. Connor JP, Young RM, Lawford BR, Ritchie TL, Noble EP (2002): D(2)
dopamine receptor (DRD2) polymorphism is associatedwith severity of









552 BIOL PSYCHIATRY 2011;70:545–552 T. Duka et al.
w34. Borlikova GG, Elbers NA, Stephens DN (2006): Repeated withdrawal
from ethanol spares contextual fear conditioning and spatial learning
but impairs negative patterning and induces over-responding: Evi-
dence for effect on frontal cortical but not hippocampal function? Eur
J Neurosci 24:205–216.
35. O’Doherty JP, Deichmann R, Critchley HD, Dolan RJ (2002): Neural re-
sponses during anticipation of a primary taste reward. Neuron 33:815–
826.
36. Elliott R, Agnew Z, Deakin JF (2008): Medial orbitofrontal cortex codes
relative rather than absolute value of financial rewards in humans. Eur
J Neurosci 27:2213–2218.
37. Bischoff-Grethe A, Hazeltine E, Bergren L, Ivry RB, Grafton ST (2009): The
influence of feedback valence in associative learning. Neuroimage 44:
243–251.
38. Picton TW, StussDT, AlexanderMP, Shallice T, BinnsMA, GillinghamS, et
al. (2007): Effects of focal frontal lesions on response inhibition. Cereb
Cortex 17:826–838.
39. Floden D, Stuss DT (2006): Inhibitory control is slowed in patients with
right superior medial frontal damage. J Cogn Neurosci 18:1843–1849.
ww.sobp.org/journal0. Coricelli G, Critchley HD, Joffily M, O’Doherty JP, Sirigu A, Dolan RJ, et al.
(2005): Regret and its avoidance: A neuroimaging study of choice be-
havior. Nat Neurosci 8:1255–1262.
1. Camille N, Coricelli G, Sallet J, Pradat-Diehl P, Duhamel JR, Sirigu A, et al.
(2004): The involvement of the orbitofrontal cortex in the experience of
regret. Science 304:1167–1170.
2. Berns GS, McClure SM, Pagnoni G, Montague PR (2001): Predictability
modulates human brain response to reward. J Neurosci 21:2793–2798.
3. Tobler PN, O’Doherty JP, Dolan RJ, Schultz W (2006): Human neural
learningdependson rewardpredictionerrors in theblockingparadigm.
J Neurophysiol 95:301–310.
4. KringelbachML (2005): The human orbitofrontal cortex: Linking reward
to hedonic experience. Nat Rev Neurosci 6:691–702.
5. Bechara A, Tranel D, DamasioH (2000): Characterization of the decision-
making deficit of patients with ventromedial prefrontal cortex lesions.
Brain 123:2189–2202.
6. Bechara A (2001): Neurobiology of decision-making: Risk and reward.
Semin Clin Neuropsychiatry 6:205–216.
7. Volkow ND, Fowler JS, Wang GJ (2003): The addicted human brain:
Insights from imaging studies. J Clin Invest 111:1444–1451.
